INTRODUCTION
Piezoceramics are often used in atomic force microscopy (AFM) as nano-positioning actuators to drive the scanning probes because of their high resolution and fast response [1] . However, the inherent hysteresis (see Fig. 1 ) of a piezoceramic actuator may lead to AFM imaging distortion (see Fig. 2 ).
In order to compensate for the hysteresis effect, different methods have been documented. These methods can be generally classified into two categories: 1) feedback control; and 2) model-based feedforward control. Feedback control methods are known to have modeling errors that are simpler to handle and have errors caused by parameter variations that can be minimized [2] . However, the hysteresis effect can make a feedback control system unstable [3] . As for model-based feedforward control, it improves performance without incurring the stability problems associated with feedback design [4] . However, the challenge of the model-based feedforward control is model accuracy and computational complexity [4] .
The key ideas of feedforward methods including: 1) building a hysteresis model which is very similar to the real hysteresis curve, and 2) realizing a feedforward controller based on an inverse model to linearize the response of the actuators. In this paper, we will present a feedforward method to improve the AFM scanned image consistency by using a modified Prandtl-Ishlinskii (PI) model to address the problem of hysteresis of the piezoceramic actuators.
The most commonly used feedforward models include: the Maxwell's slip model [5] , Duhem model [6] , Krasnosel'skiiPokrovskii operator [7] , Preisach model [8] , and PrandtlIshlinskii (PI) model [9] . Among these hysteresis models, the PI model is very suitable for real-time applications such as AFM actuators, because of it having simpler implementation procedures and having analytical inverse models [10] . However, the symmetric property of the PI model weakens the model accuracy. In this work, an asymmetric PI model is formulated and compared with a standard PI model by implementing both models on a custom-built AFM system developed by our group (Fig. 3) . 
II. THEORETICAL MODEL

A. Symmetric PI Model
The hysteresis of piezoceramics can be characterized by a PI hysteresis model. A simplified PI hysteresis model is given by Ang et al. [1] . The PI model consist of many generalized backlash operators (see Fig. 4 ) which can be defined by
where y is the output of the generalized backlash operator, H is a backlash operator, is the slope of the backlash ( =1 means a 45°slope), v is the input voltage and r is width of the backlash. The initial condition is defined by
where h 0 is initialized to 0 if the piezoceramic actuator start from its de-energized state. Adding different generalized backlash operators with different slope values of and width values of r together, the following PI hysteresis model is derived (see Fig. 4 ): 
B. Asymmetric PI Model
The PI model consists of many backlash operators which are symmetric about a center point, and hence inherits symmetry properties. But, in reality, most hysteresis loops are asymmetric. Using a symmetric model to describe an asymmetric hysteresis loop will lead to inherent systematic errors. In order to decrease this error, we modified the PI model as follows: 
C. Parameter Recognition
In order to implement the PI model, three different of parameters should be known, i.e., 1) the number of backlash operators (N); 2) the width values r ; and 3) the slope values , af and ab . The number of backlash operator N is decided by experience. The width values r are given by:
where 0<k<1 is a proportional factor. According to the simulation, when k=0.55, the modeling error reaches the minimum.
The slope values , af and ab can be identified by a least-squares fit method [1] , i.e., by minimizing the error equation The inverse PI model has the same structure as the PI model [10] . The inverse PI model is given by: 
III. EXPERIMENTAL RESULTS
A. Experiments Setup
Feedforward open-loop controllers based on symmetric and asymmetric PI models are implemented on a custom-built AFM. A PT130.24 PZT tube (Physik Instrumente (PI) GmbH & Co. KG, Karlsruhe, Germany), which has a travel range of 12 um × 12 um × 8um (z-direction), is used as the actuator in the AFM.
The displacement of the PZT tube is measured by a CS05 capacitive sensor (Micro-Epsilon Messtechnik GmbH&Co. HG, Germany), which has a measure range of 0~500 um and dynamic resolution of 10nm at 8.5 kHz sampling rate.
The following experiments are operated under a load less than 5 grams, which is small enough to be ignored. The temperature around the experimental setup is regulated at 20
B. Model Identification Experiments
The asymmetric model used the same number of backlash operator and same width values as the symmetric model, i.e., N = 10 and r = Experimental results are shown in Fig. 6 to Fig. 8 . As shown, errors between the symmetric model and actual hysteresis loop are larger than the error between the asymmetric model and the actual hysteresis loop. This is especially evident from -70V to -20V in the forward loop section and from 30V to 80V in the backward loop section. The root mean square errors for the asymmetric PI model and the reference symmetric PI model in 10 experimental loops is ~8.2nm and ~33.2nm, respectively. The maximum error in the asymmetric PI model and the reference symmetric PI model is ~35.6nm and ~88.6nm, respectively. 
C. AFM Imaging Experiments
To validate the accuracy of the asymmetric model during AFM imaging, a custom-built AFM developed by our team is used to imaging the same location on a TGZ02 silicon grating (Mikromasch, Estonia) --the symmetric model and asymmetric model were both implemented on the AFM system. All the AFM images in this paper are obtained from the custom-built AFM, using contact mode, at 2Hz scanning rate.
We note here that, in order to compare AFM images produced by the asymmetric model and the symmetric model quantitatively, we use the normalized product correlation between the trace and retrace image, which is calculated by [11] : where 0<R<1 is the normalized product correlation, and x t and x r are the gray value matrix of trace and retrace image, respectively. The normalized product correlation is often used to describe the similarity between two images. A bigger normalized product correlation means the two images are more similar, where R = 1 means the two images are exactly the same.
As mentioned earlier, the inverse hysteresis model has the same number of backlash operators as the hysteresis model, i.e., N=10. Using (9) and (10) The results of AFM imaging using the two different models are shown in Fig. 9 and Fig. 10 . Note that, the AFM image obtained without a feedforward controller (as shown in Fig. 2) , has distorted length. That is to say, the widths and intervals of these grids seem unequal in Fig. 2 , where in reality, they are in fact equal. However, when the model-based feedforward controller is implemented, as shown in Fig. 9 (based on symmetric model) and Fig. 10 (based on asymmetric model) , the widths and intervals become equal visually.
The normalized product correlation between the trace and retrace images are summarized in Table I . Without calibration (i.e., PI model implementation), it is obvious that the trace image is different from the retrace image (see Fig. 2 ), and the mean normalized product correlation of 10 experiments is 0.4349. After the model-based feedforward controllers are implemented, the trace and retrace images look much more similar, and the mean normalized product correlation of 10 experiments are 0.9740 (symmetric model) and 0.9807 (asymmetric model), respectively. Hence, we can conclude that the PI models will definitely improve AFM imaging consistency during the trace and retrace steps, and that the asymmetric model is slight better than the symmetric model.
IV. CONCLUSION
Errors caused by the hysteresis of the piezoceramic actuators distort the images obtained from AFM sample scanning. An asymmetric PI model is proposed to model the hysteresis of the piezoceramic actuator used in our custombuilt AFM system. We have shown experimentally that symmetric and asymmetric PI models are extremely effective in improving the consistency of AFM scanned images, while the asymmetric model yields consistently slightly better mean normalized product corrections for the scanned images.
